A network of coastal observatories is being built around the United States. While the motivations for developing these systems do not originate from marine sanctuaries per se,
INTRODUCTION
Henry Stommel, The SLOCUM Mission (1989) Establishing marine sanctuaries has been a central strategy to protect unique marine resources in the United States. While sanctuary strategies have been effective at minimizing local pressures on the resources, large-scale processes occurring outside the borders of the sanctuaries can significantly impact the structure and function of these ecosystems. This is increasingly needed as human activity has significantly impacted on global and mesoscale processes in marine ecosystems through fishing, eutrophication, commercial development, recreation, introduction of exotic species, dredging, greenhouse effect, etc. (Sherman and Alexander, 1986; Carlton, 1987; Hallegraeff et al. 1991; Pauly and Christensen, 1995; Cloern, 2001; Moncheva et al., 2001 , Manabe et al. 2001 ); therefore, if we wish to understand the ecosystem dynamics within marine sanctuaries, we must elucidate the synergistic interactions between global, mesoscale, and local processes. This presents a scaling problem given that different processes operate on different scales of time, space, and organizational complexity (Levin 1992 ).
This will require information over decadal scales and over large (10-1000 km) spatial scales quantifying trended changes in the mean behavior in coastal systems while also quantifying the relative importance of episodic events.
The management of coastal ecosystems (3-30 meter depths) is especially difficult as they have been relatively understudied because of their difficult operating conditions and complex dynamics; therefore, during the 1990's many of federal science agencies in the United States joined in large cooperative science programs (see the Oceanography volumes 13(1) and 13(2) 2000). These interdisciplinary programs provided the developmental test-bed for new observational technologies and numerical models that are forming a distributed network of coastal ocean observatories (Schofield et al. 2002) .
Debate is now underway whether and how these regional efforts should be linked to form a national federation of coastal ocean observatories. This national network will potentially offer the marine sanctuary program a new suite of observational resources and data with which to improve our understanding of how environmental impacts outside the boundaries of marine sanctuaries impact local ecosystems.
What should these observatories provide? The fundamental goal of many of the coastal observatories can be summarized using an equation found in many elementary physics textbooks where the position of a particle at any given time (x) can be described 1 where x 0 is the initial position of the particle, v 0 is the velocity, t is time, and a is acceleration. Observations can provide the initial particle positions (x 0 ) and velocity (v 0 ), yet models (in this case F = ma) are used to describe the dynamics of the particle's acceleration. To define the future position of a particle we require a good model and a good observing system. If either component is missing, the particle's future position will be unknown. While being straightforward for a single particle, solving this problem for an ocean of particles is a daunting challenge. This is especially true for biological systems where the composition of the particles is also changing with time. Given this challenge, observatories need to be coupled model and observation systems. While the specific components of any ocean observatory constitute an active area of research and debate (see special issue of the Journal of Oceanic Engineering volume 27(2) 2002), despite the debate, the collective experience over the last decade clearly illustrates the urgent need to coordinate efforts to obtain spatially coherent data that can be used by modelers (National Research Council 2000) . This will allow for both hindcast synthesis studies as well as nowcasting/forecasting applications.
This article outlines our opinions about building a regional coastal ocean observatory ( Figure 1 ) and about what might form the backbone to a national network of coastal observatories (National Research Council 2000) . Specifically we will review some of the promising technologies and models that will likely form the skeleton for many of the future coastal observatories. This article is not an exhaustive review of all the burgeoning technologies but it reflects merely our experience over the last five years (Glenn et al. 1998 ). We will focus almost exclusively on technologies relevant to characterizing phytoplankton communities, but acknowledge other measurements (such as acoustics) will be required for organisms other than phytoplankton (e.g., zooplankton, fish, etc.). An enormous advantage of an ocean observatory is that the continuous flow of real-time data to scientists allows for the adaptive sampling of ecosystems. This means that real-time or forecasted observations provide scientists with the information to decide where, when and what samples to collect. We believe this adaptive sampling capability will open an exciting new era for biologists, which, at present, can only gather a limited number of labor-intensive samples.
BACKBONE OF THE SHELF OBSERVING SYSTEM
The backbone of any observatory must represent a suite of technologies that are sustainable in an operational fashion. The collected data should ideally provide a 3-dimensional near real-time picture of basic water properties (temperature and salinity), material in the water (phytoplankton biomass and its taxonomic composition), and the time-dependent transport of the material. To this end, we have developed the New Jersey Shelf Observing System (NJSOS, Figure 1 ) based on three enabling technologies: (1) data acquisition systems, tracking an international constellation of IR and ocean color satellites (Schofield et al. 2002) ; (2) a nested grid of long-range (5 MHz) and highresolution (25 MHz) multi-static SeaSonde surface current radars (Glenn et al. 2000 , Kohut et al. 2001 ; and (3) a growing fleet of long-duration autonomous underwater vehicles (Stommel 1989 , Simionetti and Webb 1997 , Glenn et al. 1998 . The satellites provide real-time maps of sea surface temperature and material in the water. The Radar provides real-time maps of the surface current distributions that will distribute the material in the water every 1-3 hours for the continental shelf. The autonomous underwater vehicles (AUVs) fleet patrol beneath the surface maps to provide vertical sections of temperature, salinity, biotic/abiotic particle distributions and depth-averaged currents. The datasets are routinely assembled into data-based nowcasts of environmental conditions, and can be assimilated into models to generate a forecast. For scientists, the nowcasts and forecasts provide the information necessary for adaptive sampling (Robinson and Glenn 1999) with the gliders and other mobile platforms (ships and aircraft).
International Constellation of Satellites
The scientific community has been very fortunate to have a series of infrared and ocean color systems (AVHRR, CZCS, ADEOS, SeaWiFS satellites). The operational success of these systems has been unmatched and has revolutionized our global understanding of the fundamental physical and biological processes in the ocean ( Figure   2 ). While these efforts continue, historically, the scientific community has only had access to a single satellite at a given time; however, this is no longer true with the expanding number of ocean color satellites ( Table 1 ). The international constellation of satellites offers the potential to provide researchers with an unprecedented data stream.
One major advantage is that a specific location will now have more than a single satellite pass every day. This provides researchers with three major possibilities (1) tracking rapidly changing features on daily scales; (2) working around diel weather patterns that can compromise unfortunately timed satellite passes; and (3) utilizing multiple satellite overpasses providing opportunities for adaptive sampling. Diel weather patterns can be particularly problematic. For example, afternoon cumulus clouds compromise a great deal of the data along United States eastern seaboard; however, the mid-morning pass of the Chinese FY-1C satellite avoids the afternoon clouds ( Figure 3 ). This allows morning images to optimally relocate field assets to study specific in situ features before the early afternoon SeaWiFS satellite pass, allowing for smart sampling of fronts and the optimized calibration of the satellite.
A second advantage of accessing the full suite of available satellites is that the different platforms have varying degrees of spectral and spatial resolution. This is especially important for coastal waters, where features often cover small spatial scales and the overall optical signature is determined by a complex mixture of phytoplankton, sediments, detritus, and dissolved colored organics. The enhanced spectral resolution that some of the systems provide can be used to characterize the heterogeneous material in the water through empirical algorithms using ratios of specific wavelengths (cf.
O 'Reilly et al 1998 , O'Reilly et al. 2000 or through the inversion of the overall reflectance spectrum into constituent components (cf. Perry 1995, Schofield et al. 1999) . The net result is that enhanced spectral resolution provides more power for characterizing materials present in the water column (Richardson 1996) . This is especially important for coastal oceanography where the heterogeneous mixture of materials can compromise many satellite algorithms (cf. Kirk 1995) . Also some of the newer satellite systems have higher spatial resolutions than the standard 1 km resolution.
For example, the American MODIS and Indian Ocean-Sat systems can have spatial resolutions down to 250-300 m depending on the wavelength. This allows these new satellite platforms to define smaller scale frontal features and plumes that, more often than not, are the norm in coastal systems.
Surface Current Radars.
Once the material in the water has been determined via satellites, its advection must be determined. Off New Jersey, we have developed a nested grid of SeaSonde Surface Current Radars. For a more complete description of these technologies, please refer to Oceanography volume 10(2). In short, each shore-based site consists of a United
States Federal Communications Commission-licensed radio transmitter and a receiver between each other such that they run in a multistatic mode , Schofield et al. 2002 . By adding this capability, N monostatic radars become N 2 multistatic radars, virtually eliminating traditional Geometric Dilution of Precision (GDOP) concerns offshore. Finally for nearshore coastal applications (within a few kilometers of the beach) while a multistatic shore-based High Frequency Radar system, will have difficulty measuring flows leaving and entering an estuary since the current components measured nearshore are approximately aligned with the coast, resulting in large GDOP nearshore.
Bistatic transmitters deployed offshore on buoys are specifically designed to provide current component estimates perpendicular to the coast to significantly reduce GDOP, thereby increasing the effectiveness of HF Radars for measuring near-shore flows, particularly in and out of estuaries. The described systems are affordable, and robust providing near continuous data for several years, and, most importantly, providing spatial maps describing the advective transport of material.
Combining the CODAR surface current maps with the satellite imagery then provides researchers with synoptic spatial estimates of what is in the water and where it is going ( Figure 5 , for color go http://marine.rutgers.edu/cool/newevery.mikes.html). This figure shows a recurrent upwelling center often observed offshore Tuckerton, NJ. The satellite image displays the strong surface front that develops, and the overlaid CODAR vectors illustrate the associated cyclonic flow field. This represents a big step forward, yet these surface satellite and radar maps need to be augmented with subsurface data.
Easily Deployable Autonomous Underwater Vehicles (AUVs)
The rapid development in AUV technology will offer scientists a continuous subsurface spatial perspective in the near future. Many AUV systems are currently under preoperational testing for commercial companies and the Department of Defense, but are also being transitioned to coastal oceanography. These new systems are easy to deploy and do not require a dedicated large research vessel with an A-frame to deploy but only a person in a zodiac. The AUVs utilized at our observatory include long duration electric gliders and high resolution mapping diver deployed REMUS systems ( Figure 6A and 6B). Our strategy is to use the long duration Gliders to provide a subsurface continuous data stream to complement the satellites and surface current radar arrays. Only when a specific feature (i.e. a river plume, phytoplankton bloom, frontal feature, etc.) is observed, the high resolution mapping REMUS (which is rather limited by battery power) is deployed.
At NJSOS 4 Slocum Electric Glider AUVs (Creed et al. 2002) Theory. Bayesian Theory provides the agent with a belief based on the evidence. In our example, the agent will have a belief concerning the probable depth of the thermocline.
Utility Theory will guide the agent towards achieving the goal that maximizes its utility.
If the action of tracking the thermocline, staying above the thermocline, or staying below the thermocline maximizes its utility, the agent will proceed in the appropriate direction. 
The Feedbacks Between Observations and Models
The concept of an ocean observatory differs from the more traditional approach of environmental monitoring using discrete instrument platforms in that an ocean observatory is optimally designed to bridge the gap between individual measurements in time and space. The time and space scale problems associated with ocean monitoring are numerous, and for the most part result from the inability to synoptically sample all of the desired biological, chemical, and physical measurements needed to define the dynamics in coastal marine ecosystems. An alternative to measuring all variables at all times is to couple an adaptive sampling strategy with a mechanistic modeling regime to resolve the processes that result in a particular ecosystem state, while also providing predictions of the dynamics in the ecological system. By linking the sampling to the modeling process,
there is a refinement of both the data collection techniques and the modeling of the ecological processes.
Traditionally climatologies have been used to provide the ecological conditions on the shelf; however, the structure of an aquatic food web is often driven by episodic events (cf. Giller et al., 1992) . These episodic events are better described by ocean nowcast/forecast models, which are rapidly maturing (cf. Mooers 1999) due to advances in ocean circulation modeling (cf. Holland and Capotondi 1996) and data assimilation methods (cf. Dalay 1991) . While coupled biogeochemical modeling systems have and are being developed (Ishizaka 1990 , Lawson et al. 1995 , Fasham and Evans 1995 , Matear 1995 , McGillicuddy et al. 1995 , Robinson et al. 1996 , Glenn et al. 1998 , McGillicuddy 2001 , application of these nowcast/forecast systems has been hampered by the availability of initialization/validation data.
In the typically under-sampled ocean, ocean forecast errors are dominated by uncertainties in the model initialization; therefore, ensemble forecasts with differing initial conditions are used to identify regions where additional data is required. Hence the models provide insight into what has not been sampled and guidance for field efforts.
With the observational advances outlined above, we are no longer consigned to operate in an under-sampled environment. Ocean observation networks provide spatially extensive observational updates on time scales of an hour or better (Glenn et al 1998) . This rapid environmental assessment capability changes the paradigm for adaptive sampling and nowcast/forecast modeling. In the well-sampled ocean, forecast errors may now be dominated by uncertainties in the model formulations or boundary conditions, and ensemble forecasts with differing model parameterizations can be used to identify regions in which additional data can be used to keep a model on track. In the time it takes to prepare the ensemble of forecasts for the well-sampled ocean, additional data has arrived, and on-the-fly model-data metrics can be used to quantify which forecast in the ensemble is most accurate. Thus in the well-sampled ocean, the observations can be used to improve our understanding of errors associated with fundamental model assumptions (Robinson and Glenn 2000) .
The new observational paradigms for the well-sampled ocean will be especially important to improving our ability to describe biological dynamics in coastal ecosystems . Current biogeochemical models describe seasonal changes usually in terms of bulk phytoplankton biomass or nutrient fields (Walsh et al. 1989 , Walsh et al. 1991 , Bissett et al. 1994 , McClain et al. 1999 . A well-sampled ocean may provide the means to run ensemble biogeochemical forecasts, which can then be validated by real-time data. The ensemble biogeochemical forecasts can represent models of varying physiological (Sakshaug et al. 1989 , Geider 1993 , Geider et al. 1996 , Geider et al. 1998 , Bisset et al. 1989 and food web complexity (Walsh et al. 1999 , Bissett et al. 2001 . Therefore the scientist can ask which biological and chemical model better describes reality and why? This approach, that has already been developed, is routinely used by weather forecasters and physical oceanographers.
An example of Adaptive Sampling
A good example of the adaptive sampling capability within an observatory is that of the 2000 summer experiment at Tuckerton Research Station. During this experiment we used the surface current data from the radar systems and tidal models in real-time to track small (<100 m) features (Figure 7 ) that were observed by ships, aircraft, and satellites. In summer 2000, a turbid feature was observed by an aircraft about 15 km offshore. As the experiment was focused on calibrating hyperspectral remote sensing data collected by aircraft, it was important to have ships physically characterizing any optically distinct features. The pragmatic challenge was directing ships that were several hours steam-time away from the feature of interest, which was being advected to a new location by local currents. According to Equation 1, once we knew the initial particle position (x 0 ) and its velocity (v), we then used the real-time data and models to assess the particle position at a later time. Initial locations of the feature where noted and the surface currents tracked the optical features as a ship transited to the location (Figure 7 ).
The optical features were located within a convergence front and were transported offshore with a meander to the north away from the ship in transit. Communication to direct the ship was facilitated through a network of radio modems, which provided the ship real-time web access to onshore hourly current data. As the ship approached the predicted locations at night, there was no significant bioluminescence in the wake. On reaching the predicted location, bioluminescence appeared in its wake. Vertical profiles with a profiling bio-optical cage exhibited near surface (3 m) and subsurface (12 m) peaks in the bioluminescence (Figure 8 ). Discrete samples indicated the presence of the vertical migrating bioluminescent dinoflagellate Ceratium fusus. This red tide was located only within the convergence feature, with bioluminescence and Ceratium sp.
absent in profiles 1.5 km to the North or South. The front dissipated with a current reversal later in the evening, again seen in the surface currents, which resulted in the convergence becoming divergent. Thus, the observatory provided the particle distributions and transport allowing biologists to sample a small feature. Traditional ship-based sampling would have been hard-pressed to characterize the feature.
FUTURE OPPORTUNITIES FOR BIOLOGISTS
The biology of marine systems is chronically undersampled in space and time.
For example monthly sampling, standard for many water quality managers, is hardpressed to describe phytoplankton bloom dynamics, which more often than not undergoes shifts on weekly time scales. Therefore, improving our ability to characterize biological dynamics is a central challenge for both the observatories and sanctuaries. In turn, once we have defined the dynamics, how will adaptive sampling expand our understanding of the processes underlying those dynamics? Knowing when and where to sample provides context to interpret the variability in discrete measurements. Furthermore, in traditional monitoring programs, a common problem is to identify species/strains that are functionally distinct and to quantify their relative abundance within a population. Given this, we need to improve the ocean observatory backbone by 1) improving our capacity to map biological dynamics in a non-invasive manner and 2) developing a new suite of measurements providing mechanistic understanding.
Improvement of Mapping Techniques
Over the past two decades, oceanographers have developed optical instrumentation that can collect data in a non-intrusive manner (cf. Kirk 1994 , Mobley 1994 , Bukata et al. 1994 . Optical techniques are amenable to the variety of sampling platforms found in an observatory (satellites, aircrafts, mooring, and profiling instrumentation) (Smith et al. 1987 , Dickey 1993 . The optical measurements generally fall under two classes of measurement, bulk optical properties and fluorescence.
Many commercial vendors now provide off the shelf instruments, which can measure the bulk apparent or inherent optical properties. These systems are easy to use and have already been mounted onto AUV systems. The major improvement needed tois to increase the number of wavelengths that these instruments can measure. In coastal waters the optical signature reflects the differential contribution of multiple constituents (phytoplankton, sediments, detritus, Colored Dissolved Organic Matter (CDOM)). The concentrations of the different components can be estimated through inversion modeling if the bulk optical signature is known (Roesler et al. 1989; Morrow et al. 1989; Bricaud and Stramski 1990; Gallegos et al. 1990; Cleveland and Perry 1993; Roesler and Zaneveld, 1994; Chang and Dickey 1999; Schofield et al. 1999) . The success of the inversion is largely dependent on the number of wavelengths that are measured. If sufficient spectral information is collected it is even possible to define specific phytoplankton taxa (Millie et al. 1997 , Kirkpatrick et al. 2000 .
Therefore passive optics techniques will increasingly become an effective mapping tool for photoautrophs as these systems increase their spectral resolution. Improving this spectral resolution is a key goal.
The second class of non-invasive optical technique is fluorescence. Fluorescence has three major applications. First, stimulated fluorescence of chlorophyll a has been widely used to provide estimates of phytoplankton concentrations in the field ( Figure   9A ). The accuracy of the estimated phytoplankton concentration based on bulk fluorescence is compromised by the natural variability in the fluorescence quantum yield (Kiefer 1973 , Cullen 1982 , Falkowski and Kiefer 1985 , Sosik et al. 1989 , Marra 1997 but this allows fluorescence to provide estimates of the physiological state of phytoplankton if the appropriate types fluorescence measurements are made (Butler 1978 , Schofield et al. 1995 .
Development of robust miniaturized fluorometers for defining the physiology of phytoplankton should be a high priority.
Second spectral fluorescence excitation spectra is a phytoplankton-specific signal providing data on phytoplankton pigmentation and thus on community composition (Yentsch and Yentsch 1979) . Submersible fixed-wavelength spectrofluorometers are currently available and just require miniaturization. Similarly, fluorescence emission spectra can also potentially discriminate different phytoplankton taxa (Figure 9 ).
Phycobilin pigments fluorescence at wavelengths different than chlorophyll a (510 to 650 nm versus 676 nm). An instrument with several excitation and emission (500 to 680 nm) channels can provide information on both the relative abundance of chlorophyll a and phycobilin-containing algae ( Figure 9C ). Spectral emission spectra can also provide information CDOM ( Figure 9B , Hoge and Swift 1981 , Coble et al. 1990 , Chen & Bada 1992 , Green and Blough 1994 , Vodacek et al. 1995 .
Development of Effective Approaches to Quantify Biodiversity
In monitoring programs, a common problem is to identify species/strains that are functionally distinct and to quantify their relative abundance within a population. The traditional morphometric and physiological criteria are not often sufficient to describe the diversity present or to understand how environmental factors affect the diversity in the microbial communities present.
Genotypic variations in phytoplankton species are responsible for differences in physiological traits (Wood and Leatham, 1992) . Given this, the transfer of PCR-based biomolecular technologies to oceanographic studies is instrumental in establishing a functionally meaningful classification of the observed variance in the biological diversity of the species present. For example, molecular technology has allowed the identification of previously undistinguishable 'cryptic subspecies' within important phytoplankton taxa, such as dinoflagellates (Scholin et al., 1994) , diatoms (Rynearson and Armbrust, 2000) , and coccolithophorids (Iglesias-Rodríguez et al., 2002) . At the subspecies level, attempts to dissect the genetic structure of phytoplanktonic organisms have been largely unsuccessful because differences in cryptic strains cannot be resolved using conventional markers of genetic diversity such as 18S or 16S rRNA, given that their rate of evolution is too slow. For a few organisms for which microarrays and sequence information are available, chip hybridization technology may be appropriate; however, this information is not widely available yet. More relevant to the immediate future is the recent advances in gene expression studies which include serial analysis of gene expression (SAGE) (Velculescu et al., 1995) , DNA microarrays (Schena et al., 1995) , and oligonucleotide chips (Lockhart et al., 1996) that are powerful methods for identifying genes that are differentially expressed under different environmental conditions. The advent of adaptive sampling will allow these labor-intensive methods to be used judiciously. Thus, the future and challenge for coastal management lies in our ability to synthesize the spatial data on biological rate processes with organism-level measurements.
CONCLUSIONS
The motivation for building a national network of coastal observatories is being motivated out of a desire for health and human safety, homeland defense, optimal sustainable management of the economic resources, water quality management, scientific research and finally entrainment of general public into the adventure of exploring the oceans. These motivations will fuel the construction of the observatories regardless of the marine sanctuaries, but these new systems offer an unprecedented opportunity to the marine sanctuaries. The information from the observatories will allow scientists to begin to understand the interaction between global, mesoscale and local process on marine ecosystems. Furthermore the real-time data will allow for adaptive sampling within the observatories enabling scientists to develop powerful new technologies for potentially answering some grand unanswered questions in biological oceanography.
wonderful oceanographic community. Finally the generous support from the great states of New Jersey, Florida, and California is acknowledged. Figure 6A . The Webb Glider regulates its position vertically by buoyancy and steers with aid of its wings and tail fin. The communication to shore is through the tail fin. Figure 6B . The REMUS system riding "shot-gun" in a zodiac. The system is outfitted with a biolouminscence sensor, CTD, beam transmissometer, and Acoustic Doppler Current profiler. Figure 6C . A time series of temperature of Glider data for an 18 hour deployment. The thermocline is clearly evident as the Glider "fly' offshore. Figure 6D . The bioluminescence potential as measured by the REMUS as it crosses frontal boundary about 10 kilometers from the start of the transect. The bioluminescence potential increases dramatically as the REMUS crosses the front. 8. The bioluminescence potential that was measured by a ship after being d F in The bioluminescence (light shades of gray) was due to the dinoflagellate Ceratium and it was red tide signal that caused the slick observed by the aircraft. 
